Optical quantum memory with generalized time-reversible atom-light interactions 
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We examine a quantum memory scheme based on controllable dephasing of atomic coherence of 
a non-resonant, inhomogeneously broadened Raman transition. We show that it generalizes the 
physical conditions for time-reversible interaction between light and atomic ensembles from weak 
to strong helds and from linear to non-linear interactions. We also develop a unified framework 
for different realizations exploiting either controlled reversible inhomogeneous broadening or atomic 
frequency combs, and discuss new aspects related to storage and manipulation of quantum states. 
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The study of timc-rcvcrsiblc evolution of physical sys- 
tems was central in the development of thermodynam- 
ics and statistical mechanics [H, and CPT symmetry 0. 
Furthermore, reversible interaction underpins reversible 
transfer of quantum states between light and atoms, i.e. 
quantum memory (QM), which is key for quantum re- 
peaters 0] and all-optical quantum computing [3 . 

Approaches to QM exploit atoms in cavities [6|, non- 
resonant Raman transitions l7|,l8|l, electromagnetically in- 



ISL or photon- 



duced transparency ol. [lOl. II II. I12I. _ _ 

echo techniques [li, 0llillil3l2in^^ The lat- 
ter is of particular interest in the present context, as the 
equations of motion include a hidden time-reversal sym- 
metry [31 . It has, however, so far only been discussed for 
weak light fields. Here we generalize the physical condi- 
tions allowing for time-reversal symmetry in the mapping 
of quantum states between light and atomic ensembles to 
fields of arbitrary strength and non-linear interactions. 
The scheme exploits reversible dephasing of atomic co- 
herence of a non- resonant, inhomogeneously broadened 
Raman transition (Raman Echo Quantum Memory or 
REQM). It has been proposed in [2J], further developed 
in [25, 27 1, and first demonstrated in [2I]. We also com- 
pare the conditions for time-reversibility for storage of 
strong fields with those for weak fields, which naturally 
leads to a unified framework for realizations of REQM 
based on controlled reversible inhomogeneous broadening 
(CRIB) 18 1 or atomic frequency combs (AFC) Our 
findings shed new light on time-reversibility in the in- 
teraction between light and inhomogeneously broadened 
atomic ensembles, and also pave the road to storage of 
macroscopic light fields in nano-sized atomic media. Fur- 
thermore, we discuss with the example of frequency con- 
version how REQM enables controlled manipulation of 
quantum light fields. 

The scheme: Energy and temporal diagrams of the 
interaction scheme are depicted in FiglTJ At time t=0 
the probe light field Ei{t,z) with duration 6ti, carrier 
frequency uii and spectral width Sivi = Sti^ enters the 
medium with three-level atoms (labeled by j) prepared in 
the long-lived level 1 1 ) = Ilj^i 1 1 )j along the +z direc- 
tion. The atoms are simultaneously exposed to an intense 



control (writing) field propagating along wavevector Ki 
with carrier frequency Ui and Rabi frequency (li{t). It is 
reduced to zero after absorption of the probe field. The 
probe and writing fields are assumed to be in Raman 
resonance wi — cj^' « LO21 with sufficiently large spectral 
detuning Ai = uj^i — lui from the 1 <-!■ 3 transition. 

We take the 1^2 and 1^3 transitions to feature 
inhomogeneous broadenings (IB), resulting in a total de- 
tuning of each atom j from the center of the Raman 



transition given by Ajj ^.^^{1) = 



31, tot 



A-' = A^ 4- A-' 

kl^tot kl,nat ' kl^cont 



^ Aii, (fc 



fi{t) with 

2,3). The in- 
dexes refer to total and natural detuning, and possibly 
detuning induced in a controlled way using e.g. external 
electric fields. We take the IB of the Raman transition to 
be large enough to absorb all spectral components of the 
probe field, and assume the natural IB on the 1 2 tran- 
sition to be negligible (as is usually the case for hyperfine 
ground states of rare-earth- ion doped crystals [20|). /i (t) 
is related to the Rabi frequency of the intense light field, 
fi{t) = \fli{t)\'^/Al, as weh as to the Stark shift Af in- 
duced by the control field, /i(t) = Af/Ai. It can exceed 
unity by orders of magnitude. 

The atom-light interaction leads to excitation of 
atomic coherence, which rapidly decays due to IB. To 
retrieve the stored field, we apply a phase (or mode) 
matching operation, and launch at time t > t' a second 
control (reading) pulse propagating roughly in — 2; direc- 
tion and with wave vector, carrier and Rabi frequencies 
K2, and ^2{t), resp. (see Fig. 1). In addition, we 
either actively invert the Raman broadening, as in CRIB 
[1^ (now RECRIB), or, in the case of a generalization 
of AFC [23 (now REAFC), simply wait until the atomic 
coherence automatically rephases. The probe field, at 
frequency UJ2 ~ W21 +^21 ^il^ then be re-emitted at time 
Tg as an echo in the backward {—z) direction. In the fol- 
lowing we will limit our discussion to the case where the 
spectral width and duration of the echo are equal to the 
ones of the probe field: 5lj2 — 6loi = Slo, 6t2 = Sti = St. 

We emphasize that the memory's storage bandwidth, 
which depends on the IB of the Raman transition, does 
not only rely on material properties but also on the con- 
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FIG. 1: Energy level diagram showing atomic transitions, 
probe and echo fields (A^) with carrier frequencies lj^, and 
writing and reading fields with Rabi frequencies Q^, and car- 
rier frequencies uj^. u = 1,2 denotes storage and recall, resp. 
Also depicted is a temporal diagram of all light fields. 



trol field via fi (26[. Also, the direct Raman transfer 
allows usingatomic materials with short optical coher- 
ence times [271 [28| . These two features result in a larger 
choice of materials compared to photon-echo quantum 
memory protocols without direct Raman transfer. 

Basic equations: We describe the interaction between 
the three-level atoms, probe and echo fields E^{z) = 
A^{z) cxp{ikijz}, and control fields ftij{t,f) ~ ^u{t) 
ex-p{—i{iu^t — Ki^r)} using the Hamiltonian H = Ha + 
Hf + Va-f + Vc- V = \,2 labels storage and recall, and 
the indices a, f,a — f and c denote the Hamiltonian for 
the atoms, quantum light fields, and interaction between 
quantum and classical light fields and atoms, resp.: 

N 3 ^ 
j = l n=l 

i/=i 

Va-f = J2 [9y^y{zj) exp{ifci.Zj}P|i + h.c], 

j=l u=l 
N 2 

Vc^-hY. E [^At) exp{-zKi - K,r^)}Pi2 + h.c]. 

j=l u=l 



A,,{z'),A+{z)\ = 5,,,J{z' - z), K = (-1) 

Tiiy and Vd = duj / dk\uj=uj„ are the refractive indexes and 
group velocities for the probe and echo fields in the ab- 
sence of interaction with the three-level atoms, and gi, is 
the photon- atom coupling constant. 

In the following we use the Heisenberg picture 
and derive the equations of motion for the slowly 
varying operators for the light fields (^i/,o) and 
atomic coherences (i?^„ between states m and 
n: A„{z,t) = A^^o{z,t)cxp{-iuJvt}), P/jl^) 
-Ri2,,.(*) exp{iv3^(f, Zj) - i{uJu - ujl){t + {-IfnyZj/c)}, 
PiS) = i?{3,.W exp{-zc^,(t + (-l)'^n,z,/c)}, 
PUt) = i?|2,.Wexp{^(^.(r,ZJ) + ^<(^+(-l)''r^,z,/c)}, 

Pramit) = PLm,^*)^ and (f, ) = {{-1)" n^Ujf,Zj / C+ 

K^r). We also assume |A,y + Ag^j^j ^ Slo (with 



arbitrary A./A'ai,.), |A^2i,J < \^ii,ul \^i2j^ and 
Being an obvious condition for 



time-reversibility, we ignore all atomic decay as well as 
irreversible atomic dephasing, and assume that the probe 
field is completely absorbed in the atomic media. To sim- 
plify the expressions, we use a coordinate system mov- 
ing with the probe, or echo fields, resp. For absorption 
[t < t', u = 1), we use ti = t — Z/vi, and for retrieval 
[t > t' , V = 2), we have T2 = t + Z/v2 — Te, where 
Z ^ z. Finally, we use new quantum fields Ci/(T,y,Z) = 
-[-ly {VLI{ti,) / /\y)g^Ay^o{Ti, , Z), and assume w^-cj^ = 
CJ21. AH put together, taking into account that P33 = 0, 
and after adiabatic elimination of the excited atomic co- 



herences Pjg ^{t) 



and 



we find: 



1//- -'^11. M ^2 



1+Af„„/A 



R,tot.u l+A;^i_^/ 



(1) 



I A, \+A\^^JAj' 



where ^i?^2,i. 



4i?{i , and 



with atomic density n,,, and cross section of the probe 
(echo) fields S. Ann,. - /dA^2i../rfA^3i..G(A^2i J 
G(A^3i_Ji?^„„,,(r,Z, « Z)/(l + A^3i.,/A,), where 
G(A^j„ ^) describes the IB of the m ^ n transition. 

All variables in Eqs. ([T|) depend on r,y and Z. We em- 
phasize that these equations hold for arbitrary numbers 
of atoms and photons. Compared to the usual MaxwcU- 
Bloch equations they contain additional non-linear 
terms, i.e. Stark shifts in the evolution of the atomic co- 
herence ^, and a population dependent term in the 

evolution of the light field Ci,. Their analytic solution and 
analysis for time-reversal symmetry has not been consid- 
ered before. 

General reversibility of quantum dynamics: We now 
show that Eqs. ([T]) allow for time reversible evolution (i.e. 
storage and retrieval of the probe field) despite the non- 
linear terms. Indeed, the equations for retrieval coincide 
with the equations for absorption for time-reversed echo 
emission (i.e. T2 — > — and ^ — > —377) if the following 
strong field conditions of reversibility are satisfied: 

i) c{Ki—K2) = (jiiwi-f 712^2)62, i-fi- a phase (or mode) 
matching operation that results in mapping the atomic 
coherence created by the forward propagating probe field 
onto coherence that can create a backwards propagating 
echo field (i.e. ensures equal conditions at the end of the 
forward, and the beginning of the backward evolution) . 

It is found from -Ri2,2(^') = exp{— iQ!}i?-{2.i(^')^J: where 
t' denotes a moment after complete probe absorption, 
and by expressing i?j2 1 and i?{2 2 through Pj'j- ol is a, 
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phase factor that contributes to the global phase of the 
echo signal. Note the absence of a similar equality for the 
light field operators, which is due to complete absorption 
of the probe field. 

ii) Pi = P2 and = /2(— T2), i.e. equal cou- 

pling between the atomic coherence of the Raman tran- 
sition and the probe and echo fields, resp., and |rii(ri)| = 
l^2(— ''"2)11 temporal reversibility of the Rabi frequen- 
cies of the writing and reading fields (see Fig.l). 

_ /2(-T^)A2 _j_ _ /i(ti)Ai 



Hi) 



^R,tot,2 



A-' 



'-^ R,tot,2^ '-^ R,tot,l 



1+A^3i2/A2 ' -R,tot^ l+Ai^JA^ 

0, i.e. rephasing of atomic coherence 
when reversing the IB, similar to CRIB [2^. The first 
equal sign requires meeting conditions (ii) and (iv). 

iv) A2 = -Ai, and = ^ 



i.e. anti-corrclated 



spectral detunings of the light fields. This condition 
completely determines uj2 for a given uji and Ai: L02 ~ 
ujzi — A2 = wi -I- 2Ai, where wc used that ^31 = + A^. 

We note that the timc-reversibility hidden in Eqs. 
[1] results in a temporally reversed replica of arbitrary 
probe fields in the echo field, which is equivalent to the 
standard, linearized system of Maxwell-Bloch equations 
ITsl . Thus any quantum state encoded into the in- 
put light field can be stored and recalled with unit ef- 
ficiency and fidelity, despite the nonlinear interactions. 
At the same time the demonstrated reversibility enables 
new possibilities for the realization of optical quantum 
memory, e.g. storage of macroscopic light fields in nano- 
size memories where the usual weak field approximation 
may not be satisfied. 

Storage of weak probe fields: It is interesting to com- 
pare the previous conditions for time-reversibility with 
the conditions in the case of weak probe fields, where 
{Rii,u) = 1 and (R22,u) = 0. In the following we also as- 
sume that the Stark shift due to the presence of the probe 
and echo fields is small compared to the spectral width 



of the stored light: 



A.(C + C) 



<^ 5lj where (..) denotes the 



expectation value, jAgj^ ^ A^,, and we use new vari- 
ables {C.u,Ri2,y) = {iL-,Ri2M) exp{i{~iy^Z - iifj^} 
in Eqs. (P), where ■01^ = J^" ^l{T^)dT^. We find 



12.1/, 



(2) 



where the centers of the Raman transitions are shifted 
by A^(tj/) = /S.^fv{Tu) (see Fig.l). For a probe field 
with symmetric shape in time, and a Raman broadening 
that is symmetric in frequency, these linearized equations 
describe again time reversed evolution of the atom-light 
system, but this time under the weak field conditions of 
reversibility (30| : 

V) c{Ki^K2) = e,[niUJi+n2UJ2 + c{(3i/Ai +(32/^2)], 
which is found from R'[22i^') — cxp{— za'ji^jj ^ 



explained in (j). Note that this generalized mode match- 
ing condition coincides with (i) if conditions (ii) and (iv) 
are met. Yet, in the case of weak probe fields, these re- 
quirements are relaxed, e.g. due to the lack of the probe 
(echo) induced Stark shift. In particular, this allows for 
continuous frequency conversion of the echo compared to 
the probe. Assuming resonance with the center of the 
IB Raman transition and constant Stark shifts, we find 
LJi = LO'l + UJ21 — Af and 102 ^ l^i + 1-^2 ^ '-^1 ^'1 ^ ^2- 

ii') /3i/i(ti) = /32/2(— T'2), similar to ii), but without 
the necessity to individually equalize each variable. 

Hi') A'^ jjjj 2^2 + Ajj j^ti — knj2T: + const, where 
k € Nq, nj € Z, and const is an irrelevant constant. We 
emphasize that this generalized rephasing condition can 
be met using additional experimental approaches com- 
pared to (Hi). We can find those approaches, charac- 
terized by k, by identifying situations where all atoms 
accumulated the same phase (modulo 2tt), i.e. where the 
initially excited collective coherence is recovered. 

For k = 0, rephasing is achieved at time ti = t2 by 
actively inverting the Raman detuning of each atom 7, 
and we recover condition {Hi). In analogy to CRIB [18j . 
we refer to this protocol as RECRIB. 

For fc = 1, wc analyze Eqs. [2] for a symmetric comb 
structure, where each atom j is located in an absorption 
line detuned from the unbroadcned transition by a mul- 



A-' 

^31, tot, 1 



A-' 

^31, tot, 2 



tiple of Scomb given by n^ 
(we assume for simplicity that the broadening of the Ra- 
man transition is determined by the broadening of the 
1 3 transition and f^). Using symmetry proper- 
ties for absorption and retrieval to recover the coherence 

Bi2,u, we find an echo pulse emitted at a time given by 
fiti + 72^2 = 27r/(5com6, which can be controlled by vary- 
ing 6comb, fu or f2- In analogy to the recently proposed 
AFC QM 01, we refer to this approach as RE AFC. Ap- 
proaches with k > 1 are subclasses of fc 7^ 0. They also 
rely on atomic frequency combs, but exploit that rephas- 
ing of atomic coherence is repetitive, i.e. can generate 
echoes at later times. 

Efficiency: To find the efficiency e = / dt{Al (t) A2 (t)) / 
J dt{A\{t)Ai{t)) of REQM (a crucial property for a quan- 
tum repeater) in a realistic case, we have to consider lim- 
ited absorption, and the Raman IB, as determined by the 
1 <-> 3 IB and f^. Towards this end, we analytically solve 
Eqs. ([2]). Assuming the case without frequency conver- 
sion {P^ = f3, v„ = V, Ai, = A, f^ = f), and Gaussian 
line shapes, we find 



t = exp{-T'^{ti+t2f}\l-e- 



fL\2 



(3) 



aef fL is the effective optical depth, which depends on the 
on-resonant absorption coefficient tto = P^Jt^J^I l^^^^^^, 
L is the length of the atomic medium, and F is related to 
IB that leads to irreversible dephasing of atomic coher- 
ence. In the case of RECRIB, assuming that the width 
of the initial, naturally broadened absorption line A„ 
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FIG. 2: Quantum efficiency e for singie-mode storage as a 
function of T = (^t^ecrib j.reafc^ resonant opticai 
deptfis OoL = 50, 200, 1000 (bottom to top sets of two traces). 



a large variety of manipulations of light fields, e.g. fre- 
quency conversion and generalized quantum compression 
[ail. Note that RECRIB [H and AFC [H have recently 
been demonstrated in atomic vapor and rare-earth-ion 
doped crystals, resp., hence REQM can be explored with 
present technology. 
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neering Research Council of Canada, General Dynamics 
Canada, Albertas Informatics Circle of Research Excel- 
lence, and the Russian Fund for Basic Research grant ^ 
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(possibly reduced through spectral tailoring [l9|), is 

(31) 

small compared to the line width A„ after controlled 
broadening, we find a['}f^'^^^^ = aoA^J^^J^J A^J^H^^ and 
YiRECBJB) ^ /a(^31)^^^ -p^j. j^EAFC, assuming that the 
width 7 of each individual line of the comb is small 
compared to the width of the whole comb structure, 
and that the comb has a large number of lines, we find 
^(fl£;AFC) ^ a,^ij/S,or,.b) and r(«^^^c:) ^ y^. 

For RECRIB, we normalize all units to the width of 
the broadened Raman transition (/AJ^ J^^^^ = 1)? and we 
set the spectral width of the probe field to 6uj = 0.5. This 
leads to 6t = 2 and ti = t2 = 2St, hence ti +t2 = 8. Note 
that these definitions for ti and t2 describe storage of a 
single temporal mode. For REAFC, we assume the width 
of the Raman comb structure fAcomb ^ 5uj ^ fScomb = 
1, i.e. we normalize the line spacing in the Raman comb 
structure to one (note the different normalization com- 
pared to RECRIB). This leads to ti+t2 = 2tt. 

Fig. 2 shows the efficiency for both protocols as a func- 
tion of T^ECRiB g [Q_L] Y^EAFC ^ [q..!], resp., 

for different on-resonant optical depths oloL. The gen- 
eral shapes of the efficiency curves are similar, yet, with 
REAFC reaching higher efficiency for a given depth. The 
optimum value for F is determined by the tradeoff be- 
tween small irreversible dephasing, i.e. small individ- 
ual unbroadened absorption lines {A^^'^^^^ and 7, resp.), 
and large absorption, i.e. large line width compared to 
^^n^cont Scombi rcsp. Furthermore, the maximum ef- 
ficiency increases with aoL, and the difference between 
the two protocols decreases. 

Conclusion: We have shown that REQM generalized 
time-reversibility in photon-echo quantum memory to 
storage of strong light fields and non-linear interactions. 
Furthermore, it unifies AFC and CRIB in an extension to 
off-resonant Raman transitions, and allows using atomic 
materials with short optical coherence times. It also 
allows exploiting additional degrees of freedom such as 
wave vectors, and carrier and Rabi frequencies of the 
control fields. This leads to the possibility to influence 
Raman IB, i.e. allow larger storage bandwidth, and to 
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